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ABSTRACT 


Testing of large scale integrated (LSI) logic circuits is considered 
from the point of view of automatic test pattern generation. A system 
for automatic test pattern generation is described. A test generation 
algorithm is presented that can be applied to both combinational and 
sequential logic circuits. Also included is a programmed implementation 
of the algorithm and sample results from the program. Recommendations 
for continued study are also discussed. 
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CHAPTER 1 - INTRODUCTION 


Logic circuit testing as viewed in this report is the process of 
examining a logic circuit to determine whether or not the circuit 
correctly performs the desired logic function. It will be assumed that 
a correct logic design has been accomplished and that abnormal functions 
are produced by failures called faults introduced during the manufactur- 
ing process or at some time later in the life of the circuit. Logic 
testing is often performed as one of the final stages in the manufacture 
of a logic circuit. Also, logic testing is frequently used as an 
acceptance test by a purchaser of logic circuits. Logic testing is also 
required during the checkout and maintenance of logic circuit assemblies 
and logic systems. This report will be oriented toward the automated 
testing of integrated circuits as they come off a manufacturing line. 

The logic testing process is accomplished by applying a sequence 
of input patterns to a powered circuit and observing the corresponding 
sequence of responses.^ A circuit is assumed to be fault-free if all the 
observed responses are correct. Incorrect responses, on the other hand, 
signal a circuit containing some fault condition. Observation of the 
complete response sequence produced by a circuit containing a fault may 
contain enough Information to identify precisely the fault condition 
present. However, the identification of the particular fault present in 

^It is assumed that circuits are allowed to reach a stable state 
before each input pattern is applied. 
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a faulty logic circuit is usually not important for integrated circuit 
testing since repair is usually not possible. 

Fault detection testing is a term often used to identify the process 
of testing a circuit to determine whether or not the circuit contains 
a fault. Fault location testing describes the process of identifying 
the fault present. A term that combines the meaning of the above is 
fault diagnosis testing . 

The input patterns that are applied during the t^^'ting process are 
referred to as test patterns . Selection of the test patterns sequence 
is one of the most difficult aspects of the testing problem. The remain- 
ing sections of this report will be concerned with test pattern selection 
problem - often called test pattern generation (TPG). 

The remainder of this chapter is devoted to a brief survey of 
previous work on the sequential circuit TPG problem and on a discussion 
of a practical TPG system. Chapter 2 contains a presentation of a logic 
model and a circuit analysis procedure that can be used to generate test 
patterns. Two methods of using the analysis procedure to generate test 
patterns are described in Chapter 3. A deficiency of the analysis 
proceduv’e concerned with starting state specification is considered in 
Chapter 4. Conclusions and recommendations for future work are given in 
the final chapter. A brief bibliography Is also included. Description 
of a programmed implementation of the analysis procedure is contained in 
an appendix. 
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PREVIOUS WORK 


Many papers md reports have been published that treat various 
aspects of test pattern generation for sequential logic circuits. 

However, much work remains to be done in the development of practical 
automatic test pattern generation procedures. 

Bouricius, et.al f i{j have described an extension of the d-Algorithm 
that can be applied to asynchronous circuits. The use of the Boolean 
difference for sequential circuit test pattern generation has been 
considered by Hsiao and Chia [2J. A random technique for test pattern 
generation was described by Breuer [ 3 ]. Use of random techniques in 
a specific test application is presented in a paper by Agrawal and 
Agrawal [4]. Testing for intermittent fault detection has been treated 
by Breuerf 5 ]. Chappell f 6 ]has described a test pattern generation 
procedure for sequential circuits that was developed at Bell Laboratories. 
The approach of[6Twill be considered in much detail in the remaining 
chapters of this report. 


TEST PATTERN GENERATION SYSTEM 


A practical approach to test pattern generation is described In 
this section. The following features are desirable If not necessary in 
any useful test pattern generation system. 

1. Accommodate both combinational and sequential logic circuits. 

2. Handle circuits equivalent in complexity to five thousand 
logic gates. 

3. Produce test pattern sequences that detect greater than ninety- 
five per cent of all single stuck-at faults. 

4. Produce practical length test sequences. 

5. Avoid test s?quences that induce races in asynchronous circuits. 

6. Are cost effective in terms of computer costs and manhours. 

7. Allow for easy upgrading of capability. 

The system shown in Figure l.lis designed to satisfy the above 
criteria. Each component of the system is described in detail in the 
paragraphs that follow. In general, the approach is to obtain a "first 
pass" test sequence using a fast TPG method then to evaluate the sequence 
using fault simulation and finally to update the test sequence if needed 
with the aid of a more sophisticated TPG procedure or manually. 

Primary Test Pattern Generator 

This step in TPG should produce a test sequence that will detect 
approximately eighty-five to ninety per cent of the faults represented 
by the fault model. This process should not require that faults be 
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separately identified during generation of tests and should be fast in 
terms of computer time per fault detected. The procedure described in 
Chapter 3 can be used in this mode of operation. Random methods 
for generating test sequences may also prove useful here although little 
work has been reported on. such approaches at this time. 

Fault Simulation 

The second step of the process is for the evaluation of the test 
sequence produced above. Fault simulation is the most cost effective 
means for providing this evaluation. The effectiveness and validity of 
this step is determined by the accuracy of the simulator used for the 
analysis. However, as simualtfon accuracy is improved, the cost of 
simulation is increased. A time-based event-driven simulator provides the 
best accuracy, but a unit delay simualtor may be useful for some circuits. 
Parallel or deductive fault simulators are needed for fault simulation 
of practical sized circuits. 

Seondary Test Pattern Generator 

The function of this step of the TPG process is to determine test 
sequences for detecting those faults that would not be detected by the 
sequence produced by the primary test pattern generator. Faults for 
which tests are desired should be specified to the generator individually. 
The test generator should be based on a circuit model close to that used 
in logic simulators. The procedure given in Chapter 3 can also be 
used for the secondary TPG. 
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CHAPTER 2 - BACKGROUND 


This chapter 1s devoted to a discussion of the logic circuit model 
and analysis procedure that forms the basis of the test pattern generation 
methods described in Chapter 3. The model and procedure given here have 
been adopted from the approach presented by Chappell [6l* However, 
major changes have been made in the race detection and prevention portion 
of the analysis procedure. A program of the procedure is described in 
the appendices. 

Logic circuits will be assumed to be interconnections of NAND gates 
with unit delay assumed as the propagation time of each gate. A generali- 
zation to handle other types of logic gates can be accomplished in a 
straightforward manner as given in [6]. 


LOGIC CIRCUIT MODEL 

Consider the NAND gate shown in Figure 2.1. Each input and output 
of the gate is represented by an ordered pair of Boolean variables. 

The meaning of each possible combination of a variable pair is given in 
Table 2.1. A NAND gate truth table In terms of variable pairs is presented 
in Table 2.2. From the truth table, the following pair of Boolean 
equations can be obtained to represent a NAND gate. 



= A^ + B 

= a'b' 


0 
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A={A^ ,A°) 

b=(b\b°) 



Figure 2,1. TWO-INPUT NAND GATE 



c==(c\c°) 


d=(d\d°) 


Figure 2.2. CROSS-COUPLED NAND GATE PAIR 


t 


TABLE 2.1 

Variable Pair Combination of Values • 


VARIABLE PAIR 

INTERPRETATION 

(0,0) 

Unknown Logical Value 

(0,1) 

Logical 0 

(1,0) 

Logical 1 

(1,1) 

Undefined - not allowed 


TABLE 2.2 

NAHD Gate Truth Table 


(a’’ ,A“) 

(b’ .b”) 

{c\c°) 

(0.1) 

(0.1) 

(1,0) 

(0,1) 

(1.0) 

(1,0) 

(1,0) 

(0,1) 

(1,0) 

(1.0) 

(1,0) 

(0,1) 


An important feature of the variable pair representation is that a 
means exists to describe an unknown logical value as well as the usual 
logical 1 and logical 0 values. However, the individaual variables are 
related by the standard Boolean relationships OR and AND and therefore 
can be easily manipulated. The Boolean complement is not utilized. 

Sequential logic circuits are represented in a similar manner to 
that described above for a HAND gate. The set of equations below 
represent the cross-coupled NAND gates shown in Figure 2.2. 


C = 


A° + D 




D‘ = 


A^D^ 

+ C 


- 




0 


0 


CIRCUIT ANALYSIS PROCEDURE 


The circuit model presented above will now be used as the basis 
of a procedure for developing a set of time dependent Boolean equations 
that describe all ways of placing the logic signals in a circuit in 
each logical state at a given time. An illustration of the procedure 
will be given following a discussion of the timing relationships of the 
logical variables. 

Two time parameters are used in the timing model. One parameter 
called input time and denoted by t describes the times at which circuit 
input signals are changed. The other time parameter is called ripple time 
and is designated by the symbol r. Ripple time represents the propagation 
in time of signals through a circuit due to gate delays and is incremented 
in unit steps consistent with the unit delay assumption. Input time is 
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incremented only after a circuit has reached a stable condition. Hence 
circuit inputs are functions of input times only, but gate outputs are 
functions of both input time and ripple time. The following time 
dependent Boolean equations result for the cross-coupled HAND gates of 
Figure 2.2. 

C^(t,r) = A^(t) + D^(t, r~l) 

C^(t,r) = A^[t) □'•(t, r-1) 

D^(t,r) = B°(t) + c'^Ct, r-1) 

D°(t,r) = B^(t) C^(t, r-1) 

A set of time dependent equations can be developed from the basic 
set of equations that extend from t=0 to a specified time. Table 2.3 
summarizes this process for the cross-coupled HAND gates. It should be 
observed that each variable was initially assumed to be unknown in this 
example. Also notice that input time t=2 was established only after 
the same equation set was obtained for two consecutive ripple times 
which indicates that a stable condition was reached. 

Interpretation of the equations in Table 2.3 is in order. Consider 
the equations at t=l, r=3. These equations represent all ways of 
controlling the outputs of the circuits in one input time step assuming 
an unknown starting state for the circuit outputs. More specifically, 
C^(l,3) = A^(l) implies that output C can be forced to a logical 1 state 
by applying a logical 0 to input A. Similarly, C^(l,3) = A^(1)B^(1) 
states that C can be forced to 0 by applying 1 to input A and 0 to input 
B. Discussion of the equations for t=2 will be deferred until later. 
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r 

c'*(t,r) 

TABLE 2.3 

Equation Development for Cross- 
C°(t,r) 

Coupled NAND Gate Pair 
D^(t,r) 

. 

D°(t,r) : 


0 

0 

0 

0 

0 

1 V 

■1 

■ 

1 

A“(1) 

0 

B"(l) 

0 


2 

A°(l) 

A^(1)B°(1) 

B“n) 

A“(^)B^^) 


3 

A°(l) 

A^O)B°(l) 

B°(l) 

A°(1)B^(1) 

2 

4 

A°(2) + A°0)B^0) 

A^(2)B°(1) 

B°(2) + A^(1)B°(1) 

A°(1)b’(2) 


5 

A°{2) + A°0)B^(2) 

A^{2)B°(2) + A^(2)aVi)B°(1) 

B®(2) + A^(2)B°(1) 

A°(2)B^{2) + A°(1)B‘{2)B^(1) 


6 

A°(2) + A'^(1)B^{2)B^(1) 

A^(2)B°{2) + A^2)B^(1) 

B°(2) + A^(2)A^{1)B°(1) 

A°(2)B^(2) + a‘^(1)B^{2) i 


7 

A^(2) + A°(1)B^(2) 

A^(2)B°(2) + A^(2)A^(1)B°(1) 

b'^(2) + A^2)B°(1) 

A°(2)B^(2) + A°(1)B^2)B^(1) 


Special steps may be necessary in order that stability be reached 
in sequential circuits. As can be seen in Table 2.3 -the equation set starts 
repeating at r=7. This oscillation is caused by the feedback present 
in the circuit and by the fact that the equation development process 
permitted unrestricted input changes. It is well known that a 00 to 11 
input change causes a race condition in cross-coupled NAND gates. Race 
conditions are manifested in the circuit model by oscillating equation 
sets. However, race conditions can be avoided as discussed in the next 
section. 

RACE ANALYSIS 

It is shown in [6] that a race condition is first indicated when 

both the equations for C® and or and change from the previous 

ripple time. When one of these conditions is detected, and can 

be systematically modified so that input changes are restricted to 

prevent a race condition from occuring. Race analysis consists of the 

detection and the prevention of race conditions. 

For the circuit in Figure 2.2, Chappell [6] has shown that if the 
0 

equation for C does not change from the previous ripple time then no 
race will occur and it is not necessary to check for changes in other 
equations. However, the author has found that race conditions can be over- 
looked if this rule is applied to the circuit in Figure 2.3. Hence, 

the race detection procedure adopted here is to check C^ and plus 
0 1 

D and C for changes in all cross-coupled NAND gates in a circuit under 
analysis. 
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Figure 2.3. JK FLIP-FLOP LOGIC CIRCUIT 




When a race condition is detected in a pair of cross-coupled NAND 
gates, equations or and or are modified in such a manner 
to eliminate input sequences that would cause the race to occur. The 
equation modification rules adopted here are given in Table 2.4. Rules 
I. A and II. A are the same as those given in [6]. An explanation of 
the rules in Table 2.4 will now be given. 

Consider the possible combinations of outputs of the cross-coupled 
NAND gates of Figure 2.1. The output combinations that do not indicate 
a race condition are shown in Figure 2.4a. Possible race conditions 
are indicated by those combinations given in Figure 2.4b. 

As can be seen, the following functional relationships, hold when 
no race condition is indicated. 


’ 2 

(la) 

|l2 c« 

(lb) 


On the other hand, the functional relationships below are true for 
the conditions that indicate a possible race. 


c’ S D° 

(2a) 

S C° 

(2b) 


Hence, it can be concluded from (1) and (2} that no race can occur 
if the equations that represent the outputs of cross-coupled NAND gates 
are forced to satisfy the relationships of (1) when at least one equation 
of each pair is non-zero. The rules given in Table 2.4 modify the 
equations so the desired relationships are satisfied. Table 2.5 shows 
the application of these rules to the analysis of the cross-coupled NAND 
gate circuit. 


TABLE 2.4 

Race Prevention Rules 
I. Modification of C° or 

A. If C°{t,r) t 0 and D^(t»r) f 0 
Then C°(t,r) = C^(t,r)-D^t,r). 

B. If C°(t,r) f 0 and D^{t,r) = 0, 
Then (t,r) = C°(t,r). 

C. If C°{t,r) = 0, then no change. 


II. Modification of D° and c\ 

A. If D°(t,r) f 0 and C^(t,r) f 0, 

Then D'^{t»r) = D°(tjr) *C^ (t,r) . 

B. If D°(t,r) f 0 and C^(t,r) = 0, then C^(t,r) = D°(t,r). 

C. If D°{t,r) = 0, then no change. 


logical Value 

Variable-Pair Representation 
n 1 0 

C 

D 

r' 

C 

D D 

X 

X 

0 

0 

0 0 

X 

1 

0 

0 

1 0 

0 

1 

0 

1 

1 0 

1 

X 

1 

0 

0 0 

1 

0 

1 

0 

0 1 

1 

1 

1 

0 

1 0 


(a) Race-Free Conditions 


Logical 

Value 

Variable-Pair Representation 

C 

D 

c’ 


X 

0 

0 

0 0 1 

0 

X 

0 

1 0 0 

0 

0 

0 

1 0 1 


(b) Possible Race Conditions 


Figure 2.4 Analysis of Cross-Coupled HAND Gate Outputs 


TABLE 2.5 

Equation Development with Race Analysis 



1 1 . A°C1) 0 B°(l) 0 


2 

A“(1) 

A''(i)B“n) 

b“{1) 

A°(rjB^(l) 

3 

A°n> 

A’n)B°(i) 

B°(l) 

A°(i)B''n) 

2 4 

A°(2)+A°(1)B^(1) 

A^(2)B°(1) 

B°(2)+A^{1)B°{11 

A°(11B^2) 

4R 


A'^{2)b°(2)B°(l)+ 

A^(2)A^1)B°(1) 


A°(2)A°(1)B^(2)+A°(1)B^(2)b’’(1) 

5 

A°(2)+A°(1)B^(2)B^(1) 

A^{2)b‘^(2)+A^(1)B°(1) 

B°(2)+A^(2)A^(1)B°(1) 

A°(2)B^(2)+A°{1)b’‘(2)B^(V) 

5R 


A^(2)B°(2)+A^(1)B°(1) 


A°(2}B^{2)+A°(1)B^(2)B^{1) 


6 A°(2)+A°(l )B°(2)B^ (1 ) A^ (2)B°(2)+A^ (1 )B°(1 ) B°(2)+A^ (2)A^(1)B°(H A°(2)B^(2HA°n)B^(2)B^(l) 






Nov/ consider the interpretation of the equations in Table 2.5 
for t=2s r=6. These equations represent all race-free ways of controlling 
the circuit outputs in two input time steps. In particular, the equation 

C^(2,6) - A°(2) + A°(1)B^(2)B^{1) 

indicates two ways of placing output C in the logical 1 state after 
two input time steps. First, input A can be set to 0 at t=2. Second, 
input A can be set to 0 and input B set to 1 at t=l v/ith B held at 1 for 
t=2. A is a don't care condition for t=2, in the second case. Similar 
meanings follow for the remaining equations. 

OSCILLATION ANALYSIS 

Equation oscillation may occur during the circuit analysis procedure 
even if race conditions are prevented in cross-coupled NAND gates. This 
non-race oscillation is caused by global feedback paths that lead to the 
possibility of closed conduction paths that contain an odd number of 
logic signal inversions and an odd number of unit delays. 

No immediate means of predicting a non-race oscillation condition 
has been developed. However, such oscillations can be handled by 
setting an upper limit on the number of ripple times allowed for each 
input time step. An oscillation would be assumed to exist if the equation 
sets do not stabilize before the ripple time exceeds the established 
limit. 

Ripple time limit should be set as a function of the circuit under 
analysis and is probably related to the number of inversions in the 
longest closed feedback path. Further study is needed to establish a 
precise means for setting this limit. 
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Chappell 16] has suggested applying the rule given by the equations 
below to oscillating equations such as or In an attempt to halt 
the oscillation process. 

F’’(t,r) = F'^Ct.r) • F^(t, r-1) (3a) 

F^(t,r) = F°(t,r) • F'^(t, r-1) (3b) 

DETAILED PROCEDURE 

Let I-j, correspond to the primary Inputs of a logic circuit, 

and Jet •••» correspond to the logic gate'*' outputs of the 

circuit. Let (l], I?) and (jl, J?) represent the logic value of circuit 

» ■ J i3 

input line i and gate output line J, respectively. Then for each j, 
n + 1 5 j £ m, the following pair of Boolean equations follow. 

ol(t.r) = I I°(t) + j; 0°(t, r-1) (4a) 

^ keK, “ JeL. *• 

J J 

J°(t,r) = n lj(t) • li f (t, r-1) (4b) 

J keK- leL. *• 

J 

where K- = {Primary inputs that are inputs of gate j} 

u 

and L. = {Gate outputs that are inputs of gate j} 

The circuit analysis procedure illustrated previously is flowcharted 
in Figure 2.5 in terms of the notation used in (4). Also, cross-coupled 
HAND gate outputs are denoted F and G in the race analysis procedure 
flowchart. 

J, 

^NAND gates are assumed. 


















Analysis Procedure 













CHAPTER 3 - TEST PATTERN GENERATION 


The analysis procedure described in Chapter 2 can be used as the 
basis of two approaches for test pattern generation. Both approaches 
are taken from [ 6] . 

FAULT INSERTION 

Faults are inserted in a logic circuit by modifying the equations 
that represent the faulty gate. An ordered pair of Boolean variables 
will also be used to represent faults. For example, let a correspond 
to some fault. The variable pair (a\ will represent the fault where 
{1, 0) means the fault is present and (0, 1) means the fault is not 
present. This fault representation will be utilized in describing a 
circuit with a fault. 

Any single stuck~at fault in an all NAND gate logic circuit is 
equivalent to some gate input stuck-at-1 i some gate output stuck-at-0, 
or some gate output stuck-at-1. Let a-j represent input A stuck-at-1 
for the gate in Figure 3.1, and let Yq and represent the output C 
stuck-at-0 and stuck-at-1, respectively. .Table 3.1 summarizes the result- 
ing equations for the fault free NAND gate and for each of the faults 
described above. 

Let B-j represent a stuck-at-1 fault on the B input of the 
corss-coupled NAND gates shown in Figure 3.2. The faulty circuit is 
described by the following basic set of equations. 
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TABLE 3.1 

Fault Insertion In Two-Input NAND Gate 


Fault Free 


A Stuck-at-1 


C Stuck-at-0 


C Stuck-at-1 





C^(t,r) = A°{t) + D°(t, r-1) 

C°(t,r) = A^(t)D^(t, r-1) 

D^t,r) = p°B°(t) + C°(t, r-1) 

D^(t,r}.= g]c^(t, r-1) -f B^(t)C^(t, r-1) 

Propagation of the above equations is shown in Table 3.2 for two 
input time steps. It should be emphasized that race and oscillation 
analysis must be performed for the fault case in the same manner as for 
the fault-free case. 

DETERMINATION OF TEST SEQUENCES 

Let F represent an output of a logic circuit that has had fault 4> 
inserted. The equation pair describing F in time can be written as 
follows. 

== U + V(|)^ + W«j>^ 

F° = X + + Z<j>° 

where U, V, W, X, Y, and Z are Boolean expressions. All fault detection 
test sequences of length t for ^ are given by the following test function. 

= VZ + WY (5) 

9 

For an example consider fault 3-j in the cross-coupled NAND gates. 

The results will be shown for only output C even though similar results 
can be obtained for output D. 

At t = 1 : 

chi) = B°{1)?“ 

C^d) = A°{l)Bhl) + A°(1)6] 
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t r 

c”'(t,r) 

TABLE 3.2 

Equation Development with Inserted Fault 
C°(t,r) D'*(t,r) 

D°{t,r) 

0 0 

0 

0 

0 

0 

1 1 

A°(l) 

0 

B°B°(1) 

0 

2 

A“(1) 

■ A^(1)B°B°(1) 

B°B°(1) 

b]a°(1)+B^O)A°{1) 

3 

A“(1) 

A^{1)B°B°(1) 

B°B°(1) 

b]a°{1)+B^(1)A°(1) 

2 4 

A^(2)+b]a°C1)+B^(1)A°(1) 

a\2)B°B°(1) 

B°B°(2HA^(1)B°B°(1) 

b]a°(1)+B^(2)A°(1) 

4R 


A^(2)B°B°(1)B°(2) + 


b]a°(1}+A°(2)B^(2)A°(1} 



A^(2)A^(1)S°B^(1) 


+ B^(2)b’'(1)A°{1) 

5 

A°(2)+b’*(2)B^(1)A“(1) + 

A^(2)B°B°(2) + 

A^(2)A^(1)B°B°(1) + 

b]a°(2)+b]a°0)+A°(2)B^{2) + 


bXo) 

A’(2)A^O)Byn) 

B°B°{2) 

B^(1)B^(2)A°(1) 

5R 


A^(2)B^B°(2) + 


b]a°(2)+A°(2)B^(2)+b]a°(1) + 



A^(2)A^(1)B°B°(1) 


B^(1)B^(2)A°(1) 

6 

A°(2)+b]a°(1) + 

A^(2)B°(2)B° + 

A^(2)a\i)B°(1)B° + 

b] (A)°(2)+b|a^(1 )+A°(2)B^ (2) 


B^(l)B^(2)A°n) 

A^(2)A^(1)B°{1)B° 

B°(2)B° 

+ b’'(2)B^(1)A°(1) 
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Therefore: 

c] =A°(1)B°{1) 

e-, 

At t = 2 : 

C^(2) = B^(2)e° + A^(2 )a'*(1)B°{1)6° 

C°(2) = B^(2)A°(2) + B^(2)B^O)A°n) 

-5- A°(2)b] + A°(l)p] 

Therefore: 

cl = A°(2}B°(2) + A°(1)B°(2) 

TESTS FOR UNSPECIFIED FAULTS 

Test sequences can be produced for Individually inserted faults 
by generating the equations for the circuit and then finding the corres- 
ponding test functions using Equation (5). A more efficient strategy 
will now be described. The approach taken in the efficient strategy is 
to find test sequences for each primary input fault observed at each 
circuit output. Chappell [ 6] states that this strategy yields tests 
for 80-90% of the single faults in the circuit under consideration. 

The remaining faults can be handled using the previously described 
approach. 

Generation of test sequences for faults on input I^ to be observed 

at output 0. is performed as follows. Let the following equation pair 
J • 

represent output Oj in terms of input I^. and other unspecified terms. 

ol = A + Bll + Cl? 

j J 1 

0? = 0 + Ell + FI? 

a a T 


s 


where A, B, C, D, E, F are Boolean expressions. 

The desired test function is given below. 

- (BF + CE) (ll + I?) (6) 

It should be emphasized that fault-free circuit equations are used in 
obtaining Equation (6). 

The following test functions result for the cross-coupled NAND 
circuit for faults on input A with observation at output C. 

t = 1 : 

= B°{1) [A^(D + A®(1)] 

= A^(1)b'^(1) + A°(1)B°(1) 

t = 2: 

= [B°(2) + a’’{1)B°{1)HA^(2) + A°(2)] 

= A^(2)B°(2) + A°(2)B°(2) + .A^{2) A^{1)B°(1) 

+ A°(2)A^(1)b‘^(1) 

Selection of tests from (6) should be such that the input is 
exercised with both a logical 1 and a logical 0 if possible. Hence, 
two tests for each input-output pair are attempted. The shortest test 
in terms of time should be chosen when more than one possibility exists. 
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CHAPTER 4 - STARTING STATE SPECIFICATION 


A major advantage of the logic model introduced in Chapter 2 is 
that a representation exists for describing a logic signal in an unknown 
state. This allows analysis of sequential circuits from an unknown 
starting state. However, sequential circuit examples have been found 
that cause difficulties when applying the analysis procedure of Chapter 
2 if the starting states are unknown. This chapter will be devoted to 
a presentation of some of these difficulties. A possible approach to 
the solution of the problem is also given. 

PROBLEM CIRCUITS 

The circuit shown in Figure 4.1 is from [ 6] and has only one 
stable starting state. Establishment of this state must be accomplished 
manually before the analysis procedure of Chapter 2 can be applied. 

Hence, the unknown starting state will not yield meaningful results. 

A possibly more important example of the inadequacies of the unknown 
starting state approach for sequential circuits is illustrated by the 
JK flip-flop circuit in Figure 4.2. Analysis of the OK flip-flop does 
not produce meaningful results when an unknown starting state is assumed 
due to the global feedback in the circuit. Table 4.1 shows the result 
of the analysis. 

When a specific starting state is assumed for the OK flip-flop, 
the analysis procedure yields the proper results. Tables 4.2 and 4.3 
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Figure 4.2. JK Flip-Flop Logic Circuit 


I 

I 

! 








Table 4J 


Equation Development for JK Flip-Flop with Unknown Starting State 
t - 0, r = 0 

= h'' = = N° = o'' = 0° = = P° = q’’ = Q° = r’ = R° 

= = 0 


t = 1, r = 1 

l] = J® + c°, 

h] = + C°, 

n] = 0, 

o] = 0, 

pi = c“ 

q] = 0. 

r] = 0, 

s] = 0, 


L? = 0 
= 0 
N° = 0 
0° = 0 

^1 h 

Qi = 0 
R° = 0 
S° = 0 


= 0 , 






O‘=0 

Kg - 


S' = 0 


t = 2, r = 5 

l’ - J° + c° 
m’ = k“ + c° 


N^ = 0 

0^2 = 0 

pi = 

^2 ^2 

= o'* 

4g Lg 

Rg Cg 


S' = 0 
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TABLE 4.2 

Equation Summary for JK Flip-Flop with 0 Starting State 



0, r = 0 


= 0 
= 1 


N- =0 

oJ = i 

Pj = 0 


rJ = o 



M 


0 

0 

0 

,0 

0 

,0 

^0 

.0 


= 0 
= 0 
- 1 
= 0 
= 0 
= 0 
= 0 
= 1 
= 0 


t = 1 5 r = 5 


l] = 0° + C° 

m] = + c] 

- iVl 
N] 

o] + 

q| = jJ + c° + c] 

r] = 0 

s] = 0 

t| = + c] 
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,0 _ ,lpl 
L.J - 

= 0 

N° = 0° + C° 

cP ~ lV^ 

0i - 

Q° = 0 

R° = cP 

Ki 

S° = C° + c] 


= 0 


t = 2 , r = 12 

>■2 = i 

+ + CgC ^ + CgC ] 

N^ = K°j]c] + Cgjjc] + JgCgC^ 


+ JgCgC] + CgJ^c] 

0 ^ = N ^ 

^2 *^2 

pi _ qO 

^2 4 

q 1 = jOjO ^ . C ° J ° 

+ C ^ C ^ + c ^ 

^ 2^1 2 

Rg = KgOjc] + CgOlc] + c\ 

4 = 444 


^1 ~o 

ig - ^2 


4 = 444 ^ 44^1 


Mg = 0 


+ j°j° + j°c° + c°j° + CgC° 


Og = M 

p 5 - c 


Qg = O.c 


0,1 1 
2 ‘^in 


_ p 0,0 . pO.O 
Rg - CgJ ^ + CgC ^ 

S° = + JgC° + CgJ° 

+ CgC ^ + C ^ c ° + CgC ] 

^2 ^2 


i;l- 

t - 1 ' 


■ [', 
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TABLE 4.3 

Equation Summary for JK Flip-Flop with 1 Starting State 


+ c° + c| 
+ cj 


K° + C° + c] 


L° = 0 

Hg = 0 

N° = 0 

P° = 0 
Q° = 0 

r“ = o 

S^ = 0 

T® = 1 

‘o ‘ 


= K° + 


C° + c] 





! 

j 
■ I 

-} 

i 

sunman'ze these results for a 0 starting state and a 1 starting j 

state, respectively. 

4 

The analysis of large sequential circuits cannot be accomplished | 

i 

effectively unless the analysis procedure can start from an unknovm .■ 

starting condition. An approach will be described in the next section 
that holds promise for solving the starting state problem for the procedure I 

given in Chapter 2. ; 

i 

PROPOSED PROBLEM SOLUTION i 

Consider the cross-coupled NANO gates shown in Figure 4.3. In a | 

1 

physical circuit, the state will either be C=0 and D=1 or C=1 and D=0 ; 

when stable. Hence, it is reasonable to assume that the starting out- 
puts of any pair of corss -coupled NAND gates are complementary even 
though they may be unknown- Therefore, it appears reasonable to use 
a variable to represent the starting state of cross-coupled NAND gates. 

In terms of variable pairs, the starting conditions would be specified 
as follows. 

C* = X I 

C° = X I 

= X j 

= X ' S 

i 

tt 

Table 4.4 shows the analysis of the NAND circuit in terms of the ^ 

above starting state. As can be seen, the results are compatible with j 

those obtained using constants to specify the starting state. j 
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TABLE 4,4 

Equation Development Using Starting State Variables 


t = Oj, r'= 0 

cj = x 

dJ = x 


t = U r = 1 

1 Q 
= Alf + X 

d] = bJ + X 

t == 1, r = 2 

c] = A° + b]x 

d] = + a]x 

t = 1, r = 3 

10 1 
= Alf + B^X 

d] = + a]x 

t = g, r = 4 

Cg = A° + A°b] + b]x, 


= a]x 
D° = b|x 


a]b° + a]x 
a°b] + b]x 


c° = a|b° + a]x 
D° = A°b] + b]x 


C° - A^B°bJ + A^aIb^ + A^^]x 
= a9b1a? + b1a?b] + b1b]x 





The use of variables to specify the starting state of cross-coupled 
NAND gates appears to offer promise as a solution to the starting state 
problem for sequential circuits. However, when using the approach on 
the tlK flip-flop circuit of Figure 4.2 a problem was encountered when 
applying the race analysis procedure described in Chapter 2. More 
specifically, as now organized the race analysis procedure eliminates 
terms during equation modification that should be retained. Therefore, 
the race analysis procedure must be revised to accommodate the new 
approach. 


CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS 


An approach to test pattern generation has been described that can 
be used with both combinational and sequential logic circuits. Two 
strategies can be used to obtain test patterns for single stuck-at faults. 
One strategy is used to find test patterns for a specific fault that has 
been inserted in the circuit. The other strategy is used to obtain a set 
of tests for unspecified faults in an attempt to reduce the computation 
time per fault. Combined, the two strategies provide an effective 
approach to test pattern generation for large logic circuits. 

The procedures presented in this report have been adopted from the 
concepts outlined by Chappell [6]. A major modification has been 
made in the race analysis procedure, however. 

The major deficiency found in the approach presented is the problem 
of starting state specification for some sequential circuits such as the 
JK flip-flop. A possible solution to this problem has been suggested 
but needs further work. 

It is recommended that future work on the test pattern generation 
procedure first be directed toward finding a solution to the starting 
state problem. A production program of the procedure should be developed 
after this problem has been solved. APL or FORTRAN should be considered 
as the language for use in the program. 


other problem areas needing attention are generalization of the 
timing model and functional representation of circuit segments. The 
latter is one approach that could possibly reduce computation time and 
memory requirements of the procedure. 

Further work on oscillation analysis is also in order. A means 
for precisely setting an upper limit on the number of ripple time 
steps per input time step is needed. The problem of immediate detection 
of an oscillation condition is also worth of attention. Development of 
a rule for halting oscillation is needed. 
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APPENDIX 


Description of SIMLOG 


FUNCTIONAL DESCRIPTION 

This appendix is devoted to the description of a computer program 
called SIMLOG that performs the analysis procedure described in Chapter 2 , 
A functional level flowchart of the program is given in Figure A.l. The 
program has been written in Xerox BASIC for running under the CP-V 
Operating System on an XDS Sigma 5 Computer. Evaluation of test sequences 
produced by the TPG procedure and analysis of planned modifications of 
the procedure have provided the impetus for writing the program. 

Production runs of the program are not anticipated. However development 
of a production version of the program is expected after completion of 
the current evaluation and analysis studies. 


Program Capabi 1 i ti es 

Circuits consisting of NAND and NOT gates can be accommodated by 
SIMLOG. The sum of the number of circuit inputs plus the number of gates 
must not exceed twenty-six. Starting states of each logic signal may be 
specified as 0 or 1 or may be left unspecified. Propagation of starting 
conditions through a circuit must be accomplished manually. 

The program generates the time dependent equation pairs for the 
outputs of all gates in a circuit. Race analysis is performed on each 
set of cross-coupled NAND gates as discussed previously. The race 
analysis is performed interactively with the program performing all 
computation and the user making decisions about equation changes upon 
cue from the program. Ripple time is incremented automatically until a 
stable set of equations is reached. Input time incrementing is under 
user control but must not exceed a value of nine. 

Fault insertion has not been incorporated in the program at this 
time. However, a fault insertion capability will be added in the 
immediate future. Oscillation analysis other than for races is also 
currently lacking in the program. The addition of oscillation analysis 
is also planned. Computation of fault functions is not included in this 
program. Addition of this step is not anticipated since it can be easily 
carried out manually for circuits of the size handled by the program. 
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User Procedure 


The steps listed below outline the procedure followed by a user 
of SIMLOQ for a typical logic circuit. 

1. Draw a logic diagram and label each circuit input and each 
gate output with a unique letter of the alphabet. 

2. Call SIMLOG and enter RUN. 

3. Enter the circuit description when requested by typing the 
letter associated with each gate output followed by the letters 
of the corresponding gate inputs. Letters corresponding to 
circuit inputs must be followed by a minus sign. Enter a 0 
when finished. 

4. Enter each cross-coupled NAND gate pair. Terminate entry by 
typing Q. 

5. Enter starting states of each logic signal as desired. The 
default condition is the unknown state. Again terminate 

by typing 0. 

6. Respond to the race analysis procedure by typing YES or NO as 
appropriate. 

7. Select the next input time step by typing YES when requested. 

A NO response terminates program execution. 

8. Obtain a hard copy output of all equation sets by copying the 
contents of file PRINTOUT to the line printer using the file 
manipulation features of the CP-V monitor or PCL. 

A sample computer run of the program for a pair of cross-coupled 
NAND gates is shown in Figure A. 2, The equations produced by the program 
for a JK flip-flop assumed to be in starting state 0 are given in Figure 
A.3. 


Program Expansion 

The following features will be added to the current program in 
the near future. 

1. Fault insertion 

2. Variables for representing initial conditions 

3. Totally automatic race analysis 

4. Oscillation analysis 
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•09:19 AUG OT SIMLOG.,, 

enter gate butput symbol followed by gate input symbols, 
network input symbols should be followed by a minus sign, 

WHEN ALL GATES HAVE BEEN ENTERED— ENTER 0, 

■ 

■ ?DB-C 
• ?0 

, enter cross-coupled GATE PAIRS— ENTER 0 TC STOP. 

. ?CD 
?0 

enter STARTING STATECO OR 1) FOR EACH SIGNAL LINE BY 
; typing THE LINE SYMBOL FOLLOWED BY -0 OR -1. 

TO TERMINATE ENTER 0. 

SIGNAL LINES NOT ENTERED ARE TREATEDAS UNKNOWN CONDITIONS. 

' T- 1 ^ R- 1 

' C11-A01 
C01-0 
' D11-P01 

t 

D01-0 


begin race ANALYSIS. 

CO.* 0 
C0.-A11B01 

' functions identical ?no 

! d1*-B01 
.1 

functions identical 7YES 

00 .- 0 

: D0.-AO1B11 

functions identical 7N0 
C1.-A01 

C1.-601 

I FUNCTIONS IDENTICAL 7YES 


•Fig. A. 2 SIMLOG Output for CrossrrGoupled NAND Gates 


.,•^5 


T- 1 


R- 2 


• C11-A01 

C01-A11B01 
011-B01 
D01-A01B11 

T- 1 R- 3 

C11-A01 

C01-A11B01 

D11-BG1 

001-A01B11 

next T ?YES 

begin race ANALYSIS. 

C0.-A11BO1 

CO.-A12B01 

functions identical ?N0 

01.-B61 

D1.-B02+AT1B01 
FUNCTIONS IDENTICAL ?NO 
: T» 2 R- 4 

C12-AQ2+A01B11 
CG2-A12BO1B02+A12A11BO1 
012-B02+A11BOT 
D02-A01A02B12+A01B12B11 

% 

Fig. A.2 CContinued) 





BEGIN RACE ANALYSIS, 
C0,»A12B01B02+A12A11B01 




Fig. k. 


C0.-A12B02+A12A11B01 

FUICTICNS lOETfTlCAL 
D1,^02+A11B01 

Dl,-e02+A12A11BGl 

functions identical 

T- 2 R- 5 

C12-A02+A01B12B11 
C02-A12B02+A12A11B01 
D12-B02+A'I2A11B01 
D02-A02B12+AG1B 12811 

T- 2 R- 6 

C12-A02+A01B12B11 

C02-A12B02+A12A11BQ1 

D12-B02+A12A11BO1 

002-A02B12+A01B12B11 

NEXT T 7N0 


2 (Continued 
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?NO 


7N0 


















T= 

LllsJOl+COl 


LOl-Cli Jll 





S01=C11 jU 

















































poa^cis 




N02^=^JOaj01^COlJ02 + C02J01 + C02C01 


ei 2 = J02J0l+C0lJ02+C02iJ01 + C02C0l 








Q12=ja2j0i+C3lJJ2+CO2u0i+CC2C01+Cl2 




/O- 






\ 

I 

I 

j 

:! 

i 

3 

i 

7 

1 

1 

J 

i 


Qa2«CllC!J2JU 

R12SCU J11 + C12 ■ 

RD2 = C0?J0y+C'JlC^ 

S12-C11C02J11 

so 2 -cnjQi+coi+ci 2 cn 

T12-C02J01 + C01 + C11 

* _ 

T02-0 

2 HT' ^ 

L.1 2 - J02+C'»^2 

L02-C12COlJlg^Cl2CllJlg 

Nig = <og+cog+cmoi+coi+c:i2cii 

H02"0 

N02 = J02JQl+COlJ02 + C02w01+C02C::;i 

ei 2 = JG2J0l-HC0lJ02 + Cc2Jol+:.Q2Ccl 

e02 = C01Cl£J12’t-CllCl2J12+CU Jll ^ 

P12-C02 

P02^C12 

312 = JJ2J01-i-COl J02 + C02w!JUr.32C01+Cl2 

Q02 = CilC02jll 

R12 = aiJll + C12 

R02 = C02J01->CQ2C01 

S12 = CllC02vJ ll 

Sr)g==CllJo£Jjl-t-CQl^o2-^-Cn2J-:.l+Co2CnlfCl2CGlH-Cl2Cll 

T12 = C02J01+CUJ01-t-C0l-i-C12Cll 

T02 = CUC02J11 

T= 2 10 


2 




!-Cl2C01JiH+C12CllJl2 


! = Ku 2+C02+C11 JOSJul+COlooS+CiSCOl-i-CiaCli 


f-C'jlCl2 Jl2 + CllCl2J12_+Cil Jll 


|sjj2J01-fC01J0H+C02J01+C02C01 


! = J'y2.J0l +Coi Jo2 + Cu2i-fDl +L02CC 1 




1 = C11J11K02+C02C11J3 l+CMC12jl?+Cl2CliJl2+C12CllJll 



' = jO 2 JO 1 + CO 1J02 +C J2 JO 1 + : 0 2 CO 1 +C 1 2 


•C11C02JU 


! = CU J11+C12 

















Q12 = j02J01+COlJ02-t'C02J01 + C02C01+C12 


QD2=C11C02J11 


R12=Cii J11K02+CC2C11 1 +C12 


R:<2-CJ2J01+C02Co1 


S12 = CUC02J11 


S 02 scilJQ 2 JOl-i-COl^Og+COgJ'::l+r-C2cOl+Cl2cOl+Cl2Cll 


Tl25CllJ0?JOi + C0lJ02 + C03Jjl+C.‘2C0l + Cl2C0X +012^11 


T02=C11CC2J11 


.2 


-02 


02sLi200i J12+L12Cli J 


02Jul+C01 J02 + C12C01+C12C1 1 




roo 2 +C0 


J02 JOl+Col Joc + Cof-J 

01 + 

C02C01 ■ ;] 

CiljilKOg + Cijgai Jll^^Ci^C0lJl2 + C12CllJ12^^C12Cll^J^3■ 4 


Q32-COPC11J11 


R12-CU JllK02 + C02Cil J11+C12 


R02-C02J01+C02C01 


S12=C11C02J11 

S02-C11J02JOUC01 J02+C02JJ1+C02COUC12C01+C12CU 


T32-C02C11J11 


origd^at, 


















DETAILED DESCRIPTION 

SIMLOG IS composed of a main program and nine subroutines. Each of 
these components is discussed in detail below. A top level flowchart of 
the program is given in Fig. A. 4. 

Main Program 

The main program performs input, bookkeeping, subroutine calls and 
logical control functions as required by the logic-circuit analysis 
procedure. Fig. A. 4 serves a flowchart of the main program. Array struc- 
tures and variables used in the program will now be described. 

N(27,27) - This array represents the interconnection pattern of the logic 
circuit. Columns 1-26 correspond to letters A-Z of the alphabet, 
respectively. Column 27 contains the decimal equivalent of the EBCDIC 
representation of the gate output symbol for the gate corresponding to 
the row. Each gate is assigned to a row of the array in the same order 
as the gate is entered during the circuit input operation. Gate inputs 
are indicated by a 1 or a- 1 in the appropriate row and column. An input 
from another gate output is indicated by al. A circuit input is indicated 
by a-1. End of data is indicated by an all zero r v*. 

M(5,2) - Cross-eaupled NAND pairs are indicated in this array. Each 
pair corresponds to a column of the array. An all zero column is used to 
indicate the end of data. 

F{100,27) - The time dependent equation set for ripple time r-1 is 
stored in this array. Location of each function is determined by pointers 
stored in array L to be discussed later. 

Each product term of a function uses one or more rows in the array. 

The presence of a variable in a term 1s indicated by a non-zero entry in 
the corresponding column of the array. A positive entry represents a 

ssecedwg -page blank not HLMED! 
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one variable, while a negative entry represents a zero variable. 

The input time associated with a variable is indicated by the absolute 
value of the entry. Column 27 is used to indicate the end of term 
or end of function. A 1 in column 27 indicates that the term is 
continued in the next row. A»1 in column 27 indicates that a new 
tenn starts in the next row. A number < = -90 indicates end of 
function. The absolute value of the end of function number indicates 
the function name in EBCDIC. 

G(100,27) - This array stores ihe time dependent functions 
being computed at ripple time r. It has the same structure as F. 

H(100,27) - This array has the same structure as F and is used 
as a scratch pad during function computation. 

T(1 00,27) - Contents of G are temporarily stored in this array 
during the updating of functions in G. 

L(26,4) - Pointers to the functions stored in arrays F and G 
are kept in this array. Columns 1 and 2 point to F, while columns 
3 and 4 point to G. One function pointers are contained in columns 
1 and 3. Zero function pointers are contained in columns 2 and 4. 
Pointers are stored in the row corresponding to the function name. 
Unused words contain ones. 

A(1Q) - Used during input operations. 

E - Index used to sequence through M array during race analysis. 

El - Pointer to function in F matrix to be displayed during race 
analysis. 

E2 - Pointer to function in G matrix to be displayed during race 
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JH - Index used during loading of H matrix. 

I_ - Flag used to indicate whether a one function (1=1) or a zero 
function (1=0) is being formed. 

£ - Logical complement of I. 

K - Flag used to indicate first pass (K=l) through equation forming 
process for each equation. 

j- - Flag used to indicate one functions (L=l) or zero functions 
(L=0) are to be compared during race analysis. 

Index used to sequence through columns of N array. 

Ripple time variable. 

_S - Index used to sequence through rows of N array. 

I_ - Input time variable. 

Z9 - Flag set (Z9=l)when F and G arrays are identical. 

OR Subroutine 

The functions of this subroutine is to perform the logical OR of 
two Boolean functions. Functions to be OR'ed are placed in the H array by the 
main program. The OR subroutine performs the OR operation and passes 
control to the MIN subroutine if neither function is the identity, then 
control is returned to the Main program without going to MIN. Control is 
returned to OR from MIN. OR then returns control to Main program. 

a 

The function resulting is placed in H. 

All arrays used by OR have been previously described. The following 
variables have particular significance to OR. 

X - Index for sequencing through rows of H array. 

XI - Variable indicating the number of rows in H array required to 
describe the minimized function. Value is fixed in MIN. 

£ - H array index. Value after OR is one greater than number of 
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rows of H array needed to describe minimized function. 

AND Subroutine 

The AND subroutine performs the logical AND of two Boolean functions. 
The functions to be AND'ed are placed in the H array by the calling 
program. Results of the ANDing operation are placed in the top of the 
H array for return to the calling program. Fig. A. 6 gives a functional 
flowchart of the AND subroutine. 

Arrays used in AND have been previously defined. A list of variables 
used in the subroutine is given below. 

A “ Dummy index used in array element manipulation. 

A1 - Dummy index used in array element manipulation. 

Cl - Counter used during move of final product to top of H array, 

XO - Dummy index variable used during merging of terms and removal 
of dupl i cate vari abl es . 

XI - Index for specifying terms in first functions. 

X2 - Index for scanning rows of term indexed by XI. 

X3 “ Index for specifying terms of second function. 

X4 - Index for scanning rows of term indexed by X3. 

X5 - Index for specifying terms of the product function. 

X6 - Index for specifying rows of terms specified by X5. 

X7 - Index used during removal of redundant variables from terms. 

X8 " Index used during removal of redundant variable. 

X ■* Index used for scanning columns. 

Z3 - Variable indicating locations of the beginning of the first 
term in second function. 

Z4 - Index used during moving of final product to top of H array. 

Z5 - Variable indicating location of the beginning of the first 
term of the product function. 
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HIN Subroutine 


This subroutine perfonns Boolean minimization of the types below. 

T + T = T 
T + ST = T 

where S and T are Boolean product terms. A functional flowchart of the 
routine is given in Fig, A. 7. 

The H array used in the routine is the same as described previously. 
Variables with special significance are defined below. 

C - Counter used to indicate number of common variables shared 
by two terms for a given column. 

Cl - Flag used to indicate when a match has been found among variables 
of two terms. 

W1 - Flag indicating whether term one is zero (W1 = 0) or non-zero 

(W1 = 1). 

W2 - Same as W1 for term two. 

XI - First row of first term. 

X2 - First row of second term. 

X3 - Index used to scan rows of first term. 

X4 - Index used to scan rows of second term. 

Y - Index used to scan columns of terms being compared. 

1 “ Mode of comparison of terms. 

0 : Terms not comparable 

1 : Term one is redundant 

2 : Term two is redundant 

3 : Terms are equal 
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OUTPUT Subroutine 


The purpose of this subroutine is to format the functions stored 
in the F array into a character string and to print the input time, 
ripple time, and set of functions. Fig. A. 8 shows the flowchart of the 
subroutine. 

Arrays not previously encountered are described below. 

P(SOO) - Functional information stored in F is translated into 
decimal character codes { EBCDIC) equivalents and stored in P. 

Q(72) - Each individual function stored in F is transferred one- 
at-a-time to Q. The contents of Q are changed to character format and 
then is printed. 

FUNCTION IDENTITY CHECK Subroutine 

This subroutine is used during race analysis and performs the 
function of acquiring a time r-1 function from F and the corresponding 
time r function from G. The subroutine calls another subroutine to 
OUTPUT the functions. The subroutine then queries the user about 
equality of the two functions and returns control to the main program. 

FUNCTION IDENTITY CHECK-OUTPUT Subroutine 

Performs output of functions to be checked for equality during race 
analysis. The subroutine is a modification of the PRINTOUT subroutine. 

FUNCTION MODIFICATION Subroutine 

The purpose of this routine is to perform equation modification as 
specified in the race analysis procedure when a possible race condition 
has been detected. Called by Main program. 
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RETRIEVE FUNCTIONS Subroutine 


Functions nsaded during the race analysis function modification 
routine are retrieved ‘^rom S by this subroutine. Called by FUNCTION 
MODIFICATION subroutine. 

FUNCTION TRANSFER Subroutine 

New functions produced during race analysis are placed into G by 
this program. Pointers in L are also updated. Called by FUNCTION 
MODIFICATION subroutine. 
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6470 FbK Al=i Tb 27 


6480 PWIMT; UH( AjAI ); 
6490 NEXT Al 


6491 PRINT 

6492 JEXT A 


65J0 PRINT 
6510 PRINT 


6520 ■■<KTUK^I 
6700 U6T0 10860 


7050 Eo=El 


b 100 

7070 Py.R E7 = l To 27 


70SO »i(L6>t7)s|- 

7030 NLXT £7 

7100 K (£5^ 27 )<=-90 00Tb 7140 
7110 IF F(£5,27)>=90 GyTb 7l4o 
7120 e5«e5+1 
7130 next £6 
7140 Pb6UB 7500 

7142 iRaT h = ZER 

7140 c.4-0 
7150 £5=E2 

7160 FbR Eb-l Tb 100 
7170 F^>H E7 = l Tb 27 
7 1 80 H{L6^b.7)i:OCt5jE7) 

7190 NEXT E7 

7200 TF 0 ( £5/ 2 7 ) <s "90 iiOT b 7240 
7210 IF G(£5/27)>=90 GnT3 7240 


/220 tO=sLo+l 
7230 NEXT Eb 









4S40 If" H(X3 + i>V)“q GtT0 
4S50 X‘f = Xr 


4860 A3~XZ'jf4*l 
4870 aete 4700 


4880 IF H(X3/YIOO G0Tg 45^00 
4890 X5-X3"! 


4900 IF H(X4>Y)O0 00X3 45^20 
.4910 :X4sX4« 


4520 

if 0 = X3 -^a1+1 

GOTt 

4990 j 

, 4930 

IF C=X4-X2S-1 

GOTC 

49r)C 

4540 

4950 

G0T0 5070 
REH 



4960 

IF Zs2 GOTO 

5070 


4570 

■441 .... . ■ 



4 9 SO 

'uLTS 4660 



4990 

■IF C=X4-X24l 

GOTO 

.5040 

5010 

IF Z=1 uuT0 

5070 


5020 

Z = 2 



5030 

G5T8 4660 



5040 

IF ZOO GfJT0 

4660 


5050 

Z=3 



5060 

O0T& 4660 . 




5070 

5071 


5072 

5073 


5075 

5080 


5090 

5100 


5101 

5102 




5130 


5140 

5150 


-^-70 

5180;^ 

5iS5 


5200 

■BIW 


5230 

5240 


525:0 

5251 


5252 


5254 
52 6.0 


5265 


IF H(X4j27)<0 0510 5075 


X4=X4+1 
U&.T0 5071 


IF H{X4-»27}<s"90 03 T 7 5100 
X2-X4+1 


GaT0 4370 

IF H(X3/271<0 G5TS 5105 


X3=X3+1 
O0T0 5100 


0 


A2-X1 

IF HCX2v27X0 O8T0 5160 


X2aX2+l 
0010 5130 ' 


0910 4370 

'1 F "■% = 0 i 0 5070 

IF Z«g GQTa 5260 


■5W»Kat«MiBiigi«ae>gt 


X3=X3+i 

0'3TO'/5190:';' : . ' . . ■ ■ : 

T8 X3 


FOR :Ys1 T0 26 
4(XjY)=0 


NEXT X 


IF H( X4v27) <G O0T0 '5070 
.X4^X4F1.:. - 


OSTd 5252 : ■ , - 

If H (X4727)<6 . G0T0 5270 


X4sX44l , 















133 I Q 5'dfciU 

5270 Ff5R X = XS TQ 


52ab .NEXT Y 
5290 NEXT X 


5?91. IF H(X3^27)<0 G6T9 5070 
^2^2 X3"X3"f*l 


5330 IF Y-27 -3378 5430 
5340 IF H(Xljy.)=0 GOTO 5410 



«flU T = Y4- 
^ 5420 G9T& 5330 


o'fdu it* 

^ 5440. X1.;tX141 


5460 IF h(xiv27)<--90 u8Tc 5620 


D<f/u /.u=;u 

5480 FBF Z^Xi+I TS 100 


5490 FgR Zi;:l T6 27 
5500 H(X0+ZQ/Z1 )sHfZ/?l ) 


5510 NEXT Z1 

5520 IF H(Zv27?<:;"90 FST& 5300 
553 0 Z 0 = ZO + i ~ ~ ~~ ' ~~ 

5540 next Z 



: 5590 NEXT Z1 

5600 NEXT Z2 


5^0 G£jTe -.56S0' 

5620 IF Xi=i GSTB 5660 


5630 Xl sXl-l . . 

^ 5640 IF HU1^27X0 GSTO 5560 



1 •■tfFr 

5690. RETURN. 

5700 KEil . ^ ' 

^. . .5710 R£H SOTPUT . RBUTIRE^ 

I . 5715 HAT .PsZER ^ 

^ 5717 print . : 

■ 5720 PRINT T= ;T^ R= 7R1PRINT 







IF 9 Gbit) bioO l~Dt 
5S30 IF X<=18 GbTP 61bO I 


vj.n r 


5«50 IF F(W/27)<0 aeTb' 2910 


5P.60 IF FlW;27)> = 90 GrTb 5°'6C 
5S7G rt=W+l 


5830 G&T0 5850 






6100 Y=p 

6U0 IF F(Wi-1^27)=0 G6T5 fagSO 
61 go ' oSTb " 

6130 P( y + V) -X+192" " I' 








6133 -IF F(k->X 3<0 Gb to 6210 
6190 P(Y+5) -2^1 




6220 P { Y + 6 3 = AB6 1 F I XJ 3 +2A.C 

6230 Ren 


^otid L/^Tir^ W/e , 


















6290 

6300 

.• 1=1 

Mini 



6310 

6320 

0 (Ml)=p|M) 
IF P(M)<>64 

OOTS 

63S0 

6330 

6340 

M 1=0 

change q to 

Rs 


6345 

print Jl^Rip 



6350 

PRINT- R$ 



6360 

637Q 

mat g-zer 

IF PtM+l )=0 

36 TO 

6410 





6it00 t^STB b31>0 
6410 KETUi^N 


6420 OSTtj 6700 

6430 «EM H JMTRlXaUTPiJT ■” '■ 


6440 PRINT H MATRIX 
6450 FOf? A = 1 TO 100 


6460 IF H{A>E7)5=0 0ST6 6500 
6470 FtjR Al = l To 27 


64S0 PRINT} UHt Aj A1 ) 
6490 NEXT A1 


6491 PRINT 

6492 nIEXT A 


6500 PRINT 
6510 PRINT 


60 

6700 O^TQ 10860 


YJUU n 

7oo5 Nat HaZER 


CHECK - 


7050 E5=jE1 . 


yp E 6 = l 1 tJ 100 
7070 FOR £7 = 1 Tt) 27 


7090 
7IW 
71 10 


7120 
,7 13 O' 


71 ‘fO 
7142 


7145 

7150 


MI3M 


7170 


7180 

.7190 


20U 
7210 


.NEXT £7 . , 

IF ME5j27)< = “90 ‘jOTO 7140 
IF F ( £5/ 27 ) > = 90 05 TO 7 1 4q 


E5«E5+1 

:next E6- 


Otj^UR 7500 
Mat H=ZER 


c.4=0 

E5=E2 


PR E 6 "l 1 S 100 
FPR E7=l TO 27 


H(E6^E7) pC 3( tb/ E7 
NEXT. E7 ■ :: 


F 6(E5j 27)<="90 iiSTo 7240 
IF G(E5^27}>^90 OnT5 7240 


5C.3 + 

■next.;e6''-'" 








9 


7E5o 


72 b 0 

7?65 


7?ao 


7? 30 
7300 


7310 

7500 

7B10 

7540 


7550 

7560 


7570 

7580 


7590 

7600 


61 
7620 
7530 
7540 


7650 

7660 


7670 

7680 


7690 

7700 


Pt^INT fJNCTI0^♦S IOENTICaL 


I^PUT us 
PRINT 


S o3T0 7300 

E3 ^0 


bOT3 7310 
E 3 =tl 


RETUK:4 

R£'4 SU3R3'jTINE: -FUNCTION IDENTITY CHECK-OUTPUT 
HAT P=ZER 


v<D = UysllP = l 


x= i 


IF H(AbX)<>0 eOTt^ 7620 
IF X = 2b '30 tO 7b50 


fi~ ‘jO 
X=X+1 


0 7570 
IF X<= 3 GOTO 7930 
IF X<=13 GdTO 7930 
IF X<=26 goto 7970 


IF H(X^27X0 jOTO 7710 
IF H(W/27)>=90 0bT3 7750 


= w +1 

GOTO 7650 


WOs f^ + 1 

GOTO 7550 


I 


7730 YsY+1 
7740 GOTO 7690 


7750 Pi P) =a 6SM( rt/27) ) 
7760 P(P+2J=75 


7770 P( P+1 ) =L+240 
7790 P(P+3)=126 


7g00 TT jOT 

7810 P(y+4)=o4 


7820 IF H('.,b27)>0 3016 7850 
7830 F(Y+5)=240 



7860 
7870 P(Y+4X32 


7930 Y-P 

7glO IF HCw+1j27)sO GBTO i^oSO 


7920 G3T& 7690 
I 7930 Pi Y+4) =iX+l92 


^ 7940 36T0 7980 

7950 P(Y+4)=X+199 


^OTO 7980 
■ 7970 P(y+4)5X+207 


7980 If- HX^XXO G0T9 80iU 





s:)oo -o'jrQ K:)aci 


10 r ( y + 3 ) =; 

8DcO F( Y+ojsAbStriC-N/X) J+S40 


8330 

8340 Y«Y+3 


J £350 IF H( 4^27X0 jOTu 75tt0 

8360 iV = i-(+l 


8370 uOlO 7'3 
SOSO mat 0 = ZER 




ma 


aioo Hi=i 


10 0{-ri 

8120 IF P(;1)<;>41 06T9 8180 


5 8140 CHANoE 0 T9 R$ 



9040 ‘^EXT < 
9050 9310 


9360 s2 = L( 

9070 F'JR X-1 T9 2fc 


9380 IF 01 42ji X ; <> 0 
9090 NEXT X 


3tjT0 9110 


■ 


=1 

OTS 9430 


9110 

9120 bSTEj 9430 


9130 REM 
9310 MQ-2 


9320 i',3 = L<fi{2X} j4) 
9330 For X=1 TO 26 
!XX>0 



9370 


9370 N4=L(M{ 1/E)j3) 

9380 KBR X=1 TO 26 

9390 IF Gt:M4/X)<>0 GaT3 9420 


3400 NEXT X 
9405 M=i 
9410 09T0 9430 

9420 M = 2 ■ 

9430 REM 

9440 If mC:: 2 GtnO 9480 


9450 i'^lsNl 


QUAE^ 





9h60 -ISsNa 
947C .3910 9bJ0 

9<»bO r^i=fV3 ■' 

94 90 = 

9500 b^SUt IDOOC 
9505 IF M=i 3t)T9 9520 

9510 06SUe 2530 ;;:i 

9512 IF MC -2 uOTe 9517 1 

9515 H(H-1^27) = "Ma>E + l ) ^ '.:1 

951b j6T9 9518 

9517 H(h«1j27) = «M{2^E + 1 ) 

95 iB kE^' ■ j 

9520 IF MC = 2 OetTS 952B 

9521 IF hsg.GUrt? 9525 

9522 Alshig ;i 

9523 viO = M(2^EJ 

9524 u;5TB 9534 ; 

9525 A1=N1 

9526 nO = M( 1 ,E) ■' 

952 7 05 T0 9534 vj 

952B IF M :?2 GOTO 9532 ! 

9529 Ai=N4 

9530 \0=M{liE) i 

9531 0 ST 6 9534 | 

9532 AlsN3 ] 

9533 •■:0 = M(2^E) 

9534 IF ^'^:=2 obie 

9535 IF (10 = 2 00T(:) 9^3* ;? 

■^■536 n(hl-l/ 2 /J = " H C^fi +'l ) “““ — -s 

9537 Gaia 9539 ^5 

953b b ( HX • 1 i 2/ ) = -iA ( 1 / 1 1*1 ) ^ ^ 

9539 GaSUb 10500 ;l 

yo-4-u it* riU=T~TJST5~FI7rO 

954 5 bETU^4 y! 

9910 aEM 

10000 REM RET^^IEVL FO^CTI^'^^S FROM G MATRIX -I 

IOOO 5 MAT b = ZER vl 

IDOIG nqbI _Ji 

10020 Ft'H ^ = T 8 100 ' ‘ 

10030 FOR X=i ra 27 

10040, H ( MCv X ) sGTnTxI 

10050 !4EXT X 

lOObO If' U{Nj 2/)<=-90 GGTA 10100 
10070 IF 6(.4^27)> = 90 Geja lOlOO 
IOOaO ^0=^041 
10090 NEXT N 
lOlUO NOs^O-f -1 
10101 IF M=1 G0T0 10210 
“lOlOo l-OK N = M 2 I a lOO 
10110 FOR X=1 T0 27 







1D210 His 
1D212 


_ tTURN' 

1D500 REM FUNCTION TRANBFr.R--F'JNCT IcJN 


;35Ub IF 1=1 GOTd lOblO 
1P507 H1 =m 


’•taDiFICATieN 


0550 rj(AUX)=H(AiX) 
10560 NEXT A 


lOb/0 A1 = M + 1 
10580 next A 


10590 rr?R A=M le 100 
10600 FOR xsl T& 27 


10610 GCA, X)=0 
10620 K'CXT X 


10630 NEXT A 

10640 IF i'. = 2 3bT0 10670 


10650 A2 = Un 07 4) 
10660 GdTK 10o80 


10670 IF L(nO+ 1/3)=1 bOTQ 107bQ 
10675 A;3=LCN0+1 .3) 


10680 FJR A=A1 TS 100 
10690 F’.^R X = 1 Te 27 


10710 NEXT X 


= lJO Gi.if!3 lL?/5) 
10730 A2sA2+l 


10750 IF H=2 G6Ta 10790 


10770 LCN0/4)-LC NC,4)+0 


10790 D=L{N0/^J+Hl"l-LCN0+l/3) 


lOSlO IF L(X,n=l 0 &T 6 


10820 LCXj3)=LCXj3)+D 
10830 L(Xj4)=L(X^4)+0 


0g40 NEXT . 
10850 return 


10S60 CLOUE 
10870 END 


10850 


Of f OOE 












